1. Introduction {#sec1}
===============

Over the past three decades, the prevalence of obesity and type II diabetes has increased at an alarming rate, including among children and adolescents [@bib1; @bib2]. Epidemiological data have suggested that excess nutrition and growth during pre- and/or post-natal life may contribute to the etiology of obesity and related diseases in later life, particularly in an environment with a wide availability of calorie-dense foods [@bib3; @bib4]. The results of experiments in a variety of animal models also support a link between the perinatal nutritional environment and the programming of energy balance "set points" [@bib5; @bib6; @bib7; @bib8]. Because of the importance of postnatal organ development, including that of the brain, animal models of postnatal metabolic programming have been developed to specifically target this developmental period. An animal model that has proven very useful for the study of postnatal overfeeding is a reduction of litter size. Pups raised in small litters (SL) display accelerated growth during the pre-weaning period, and these animals remain overweight throughout life [@bib9; @bib10; @bib11; @bib12]. In addition, postnatally overfed animals show accelerated and exacerbated weight gain and altered glucose tolerance when fed an obesogenic diet [@bib10; @bib12].

The precise biological substrates that mediate the effects of early postnatal overfeeding on later metabolic health are not fully understood. However, there is a growing appreciation that the developmental programming of hypothalamic systems involved in energy balance regulation by the perinatal environment represents a possible cause of obesity and related diseases. The rodent hypothalamus develops primarily during the postnatal period under the influence of intrinsic and environmental cues (see [@bib13] for a review). Perturbations in the development of projections from the arcuate nucleus of the hypothalamus (ARH) are a common feature of animals subjected to nutritional insults during perinatal life, including in postnatally overfed mice [@bib14; @bib15; @bib16; @bib17; @bib18; @bib19]. Changes in the circulating levels of metabolic hormones, such as the adipocyte hormone leptin, in response to nutritional challenges that occur during early life represent a likely cause for the nutrition-induced alterations in hypothalamic development. For example, maternal obesity and postnatal overnutrition increase leptin levels throughout postnatal life and cause central leptin resistance during critical periods of hypothalamic development [@bib10; @bib16; @bib20]. In contrast, maternal malnutrition during pregnancy and/or lactation blunts the naturally occurring postnatal leptin surge [@bib14; @bib15; @bib21]. Remarkably, daily leptin treatment during early postnatal life in pups born to malnourished dams normalizes their metabolic abnormalities [@bib22], indicating that the developmental actions of leptin contribute to the adult metabolic phenotype.

The gut-derived hormone ghrelin is also particularly well suited to transmit signals to the developing brain in response to alterations in the nutritional environment. In adults, circulating ghrelin levels are influenced by nutritional status [@bib23; @bib24; @bib25; @bib26], and neonatal ghrelin plays an important role in hypothalamic development and lifelong metabolic regulation [@bib27]. However, whether ghrelin levels are regulated in response to nutritional challenges during early life and whether neonatal nutrition influences the hypothalamic reponse to ghrelin remain unknown. In the present study, we used the small litter model to determine whether overnutrition during early postnatal life influences the development of the ghrelin system and the sensitivity of hypothalamic neurons to ghrelin.

2. Material and methods {#sec2}
=======================

2.1. Animals {#sec2.1}
------------

Offspring of C57BL6 mice (Charles River Laboratory) produced in our mouse colony were used in these studies. Litters were normalized to 7 pups per litter on postnatal day 1 (P1), with 4 male and 3 female pups per litter. On P3, some litters were culled to 3 pups per litter (2 male + 1 female pups, SL = small litter) to induce postnatal overnutrition, whereas the control litters were maintained with 7 pups/litter (NL = normal litter). Animals were fed standard chow following weaning unless otherwise specified. Only male pups were used for the studies. Each experimental group in all experiments consisted of offspring from at least 3 litters. The animal usage was in compliance with and approved by the Institutional Animal Care and Use Committee of the University of Lille and the Saban Research Institute of the Children\'s Hospital of Los Angeles.

2.2. Physiological measurements {#sec2.2}
-------------------------------

Pups were weighed once every two days from P4 to P22 and once weekly after weaning using an analytical balance. Body composition analysis (fat/lean mass) was performed at P120 using a LaTheta 100 X-ray Computed Tomography scanner. Food intake and respiratory exchange ratio (RER) were monitored at P90 using a combined indirect calorimetry system (TSE systems). Briefly, after adaptation for 3 days, O~2~ and CO~2~ production were measured for 3 days to determine the respiratory exchange ratio. In addition, food intake was determined continuously by the integration of weighing sensors fixed at the top of the cage from which the food containers were suspended into the sealed cage environment. Blood glucose levels were measured on P180 after overnight fasting using a glucometer (OneTouch Ultra, Johnson & Johnson). For the high-fat/high-sucrose (HFHS) challenge, mice were divided into two groups on P120: a first group was fed a standard chow diet for 8 weeks (also referred as "control" mice). A second group was fed for 8 weeks with a high-fat diet (60% fat) plus sucrose in the drinking water (20% wt/vol) (also referred as "HFHS" mice).

2.3. Ghrelin assays {#sec2.3}
-------------------

Pups were decapitated on P8, P12, P14, P16, P22 and P60 and trunk blood was collected in a chilled tube containing Pefabloc (AEBSF, Roche Diagnostics). The collected serum was also acidified with 1 N HCl to achieve a final concentration of 0.05 N and then stored at −20 C until use. Total and acyl ghrelin levels in the serum were assayed using ELISA kits (Millipore). Acyl ghrelin levels were also characterized in mouse neonates injected with ghrelin. For this, P16 mice were injected with various doses of ghrelin (5, 10, and 50 ug/kg) or saline, and 15 min after injection the trunk blood was collected as described above.

2.4. Real-time qPCR analysis {#sec2.4}
----------------------------

The ARH (including the median eminence), DMH, and stomach of P14, P16, P22, and P60 mice (*n* = 4--6 per group) were dissected. For the ghrelin-induced changes in neuropeptide expression, P14 mice were given an intraperitoneal injection of ghrelin (Phoenix Pharmaceuticals, 2 mg/kg) or vehicle alone (0.9% NaCl) (*n* = 3--5) and were sacrificed 2 h later. Total RNA from the ARH and DMH was isolated using the Arcturus PicoPure RNA Isolation Kit (Life Technologies). Total RNA from the stomach was isolated using the RNeasy Lipid Tissue kit (Qiagen). cDNA was generated using the high-capacity cDNA Reverse Transcription Kit (Life Technologies). Quantitative real-time PCR analysis was performed using TaqMan Fast Universal PCR MasterMix. The mRNA expression was calculated using the 2^−ddCt^ method after normalization to *gapdh* (Mm99999915_g1) as a housekeeping gene. The inventoried TaqMan Gene expression assays for *Ghsr* (Mm00616415_m1), *Ghrelin* (Mm00445450_m1), *Goat* (Mm01200389_m1), *Pomc* (Mm00435874_m1), *Agrp* (Mm00475829_g1), *Npy* (Mm03048253_m1) were used. All assays were performed using an Applied Biosystems StepOnePlus real-time PCR system.

2.5. Chronic neonatal injection of ghrelin {#sec2.5}
------------------------------------------

Starting at P12, pups were treated twice daily with intraperitoneal injections of ghrelin (Phoenix Pharmaceuticals, 10 ug/kg) for a total of 10 days. Controls received equivolume injections of vehicle (0.9% NaCl).

2.6. cFos analysis {#sec2.6}
------------------

On P14, P16, P22, and P60 mice were given an intraperitoneal injection of ghrelin (Phoenix Pharmaceuticals, 2 mg/kg) (*n* = 4--7) or vehicle alone (0.9% NaCl) (*n* = 3--9) and were then perfused 2 h later with a solution of 4% paraformaldehyde. A separate cohort of mice received an intracerebroventricular injection of ghrelin at P14. For this purpose, 1 ul of ghrelin (240 ug/ml) or vehicle (0.9% NaCl) was stereotactically infused over 3 min into the lateral ventricle (1 mm lateral to Bregma 0, depth of 3 mm) under isoflurane anesthesia. Pups were perfused 90 min later with a solution of 4% paraformaldehyde.

The brains were then frozen, cut into 30-um thick sections, and processed for cFos immunostaining using standard procedures [@bib28]. Briefly, after pretreatment overnight in a mixture of 0.3% Triton X-100 and 2% normal goat serum, sections were incubated for 48 h at 4 C in a rabbit primary antiserum directed against the N-terminal domain of Fos (Ab-5, Oncogene; 1:2,000). The primary antibody was localized with Alexa Fluor 488 Goat anti-Rabbit IgG (Invitrogen; 1:200). The sections were counterstained using bis-benzamide (Invitrogen; 1:3,000) to visualize the cell nuclei and coverslipped with buffered glycerol (pH 8.5).

Two sections through the ARH and DMH from animals of each experimental group (*n* = 4--7 animals per group) were imaged using a Zeiss AxioImager Z1 Microscope equipped with a 20X objective. Slides were numerically coded to obscure the treatment group. The number of cFos-immunopositive cells in the ARH and DMH were manually counted using the point tool of the ImageJ analysis software (NIH). The average number of cells counted in two sections from each mouse was used for statistical comparisons.

2.7. Assessment of ghrelin uptake {#sec2.7}
---------------------------------

Fluorescent bioactive ghrelin (Cisbio Bioassays, 25 nmol/mouse) [@bib29] was injected intravenously, and mice were sacrificed 5 min later to the assess tanycytic ghrelin uptake by fluorescence microscopy as previously described [@bib30]. The primary antibodies used for these studies were a rat anti-PECAM (1:200, generous gift from Dr. Britta Engelhardt, Theodor Kocher Institut, Bern, Switzerland) and a rabit anti-GFAP (Dako Cytomation; 1:2,000).

For the *in vitro* analysis of the ghrelin transport, tanycytes were isolated from the median eminence of the hypothalamus of P10 rats as described previously [@bib29; @bib30]. The internalization of ghrelin was assayed using clathrin immunoprecipitation in tanycytes after 15 min of ghrelin treatment and using clathrin immunolabeling of tanycytes cultured on coverslips and treated for 15 min with fluorescent ghrelin (Cisbio Bioassays, 50 nM) [@bib29; @bib30].

To determine the ability of ghrelin to be transported to the MBH, mice were intraperitoneally injected with ghrelin (Phoenix Pharmaceuticals, 2 mg/kg) and sacrificed 45 min later. The MBH was then rapidly microdissected and subjected to western blotting as previously described [@bib30]. The primary antibodies used for western blotting were anti-ghrelin (AbCam, 1:500) and anti-ERK (Cell Signaling, 1:1,000).

2.8. Statistical analyses {#sec2.8}
-------------------------

All values are expressed as the means ± SEM. Statistical analyses were conducted using GraphPad PRISM (version 5.0d). Statistical significance was determined using unpaired two-tailed Student\'s *t*-tests and a two-way ANOVA followed by the Bonferroni multiple comparisons post hoc test. A one-way ANOVA, followed by the Tukeys multiple comparisons test was used for the western blot analysis. *P-*values less than 0.05 were considered to be statistically significant. Experimental units used for statistical comparisons correspond to the number of litters.

3. Results {#sec3}
==========

3.1. Small litter rearing causes metabolic disturbances {#sec3.1}
-------------------------------------------------------

To manipulate nutrient intake specifically during postnatal (pre-weaning) life, we used a well-described mouse model of divergent litter size. To this aim, litter size was manipulated beginning on P3 such that small litters (overfed) had 3 pups and normal litters (normally fed) had 7 pups. Small litter rearing was associated with changes in growth rates as revealed by a significant increase in pre-weaning body weight in overfed animals compared with normally fed mice ([Figure 1](#fig1){ref-type="fig"}A). As early as P4, the pups raised in small litters displayed heavier body weights than did the control animals ([Figure 1](#fig1){ref-type="fig"}A). Neonatally overfed animals remained heavier after weaning, and this elevated body weight persisted into adulthood ([Figure 1](#fig1){ref-type="fig"}B). The cumulative food intake was significantly higher in adult SL mice compared with control mice ([Figure 1](#fig1){ref-type="fig"}C). We also evaluated adiposity and found that SL mice displayed an elevated fat mass compared with NL mice ([Figure 1](#fig1){ref-type="fig"}E). In addition, the fasting glucose levels were significantly elevated in the adult SL mice fed a chow diet ([Figure 1](#fig1){ref-type="fig"}H). However, SL mice were comparable to NL mice with regard to respiratory quotient ([Figure 1](#fig1){ref-type="fig"}D), locomotor activity, oxygen consumption (VO2), and carbon dioxide production (VCO2) (data not shown). To determine whether neonatal overnutrition programs diet-induced obesity, we exposed SL and NL mice to a high-fat/high-sucrose (HFHS) regimen starting at 17 weeks of age. SL mice exposed to an HFHS regimen displayed a greater increase in body weight compared with NL mice ([Figure 1](#fig1){ref-type="fig"}F). Differences in body weight were detected as early as 1 week after HFHS feeding began and persisted throughout the HFHS exposure ([Figure 1](#fig1){ref-type="fig"}F). This elevated body weight was accompanied by greater adiposity ([Figure 1](#fig1){ref-type="fig"}G). However, SL mice exposed to an HFHS diet had a similar increase in fasting glucose levels compared with SL mice fed a chow diet ([Figure 1](#fig1){ref-type="fig"}H).

3.2. Neonatal overnutrition influences the pattern of postnatal ghrelin secretion {#sec3.2}
---------------------------------------------------------------------------------

Given the importance of feeding status on ghrelin secretion in adults [@bib23; @bib24; @bib25; @bib26], we next investigated circulating total and acyl ghrelin levels in neonatally overfed mice. Serum ghrelin levels increased gradually after birth to reach adult-like levels by 3 weeks of life in normally fed mice ([Figure 2](#fig2){ref-type="fig"}A and B) [@bib27; @bib31; @bib32]. However, mice raised in SLs displayed attenuated total ghrelin levels at P12 and P16 ([Figure 2](#fig2){ref-type="fig"}A) and attenuated acyl ghrelin levels at P16 and P22 ([Figure 2](#fig2){ref-type="fig"}B). In addition the ratio of acyl to total ghrelin was diminished in SL pups at P16 compared with NL mice ([Supplementary Figure 1](#appsec2){ref-type="sec"}). Stomach levels of *Ghrelin* and *Goat* (the ghrelin activating enzyme) mRNA were increased in control pups between P14 and P22; however, levels remained unchanged in overfed pups ([Figure 2](#fig2){ref-type="fig"}C and D). Notably, these changes in circulating ghrelin and *Ghrelin* mRNA expression appear restricted to early postnatal life because in adult mice no difference in circulating ghrelin levels or stomach expression patterns was evident between control and neonatally overfed mice.

3.3. Neonatal ghrelin injections have moderate effects on the metabolic phenotype of SL mice {#sec3.3}
--------------------------------------------------------------------------------------------

Neonatally overnourished pups displayed a reduction in circulating ghrelin levels during early postnatal life. Based on these observations, we next investigated whether neonatal ghrelin injections in SL mice rescue the metabolic phenotype of these mice. Ghrelin was administered twice daily in pups from P12 to P22, *i.e.*, when endogenous ghrelin levels are low in SL mice. We determined through pilot studies that a dose of 10 ug/kg normalizes the ghrelin levels in SL mice ([Figure 3](#fig3){ref-type="fig"}A). Neonatal administration of ghrelin to SL mice did not result in changes in body weight or body composition ([Figure 3](#fig3){ref-type="fig"}B--E). Similarly, SL mice treated neonatally with ghrelin displayed similar weight and fat gain when challenged for 8 weeks with an obesogenic (HFHS) diet (data not shown). However, the fasting glycemia of SL mice neonatally injected with ghrelin was significantly reduced compared with saline-treated pups ([Figure 3](#fig3){ref-type="fig"}F).

3.4. Postnatal overnutrition alters the ability of peripheral ghrelin to modulate ARH neurons {#sec3.4}
---------------------------------------------------------------------------------------------

Our findings indicate that neonatal ghrelin treatment is relatively ineffective at influencing metabolic outcomes in SL mice. A possible explanation for this lack of response is that brain regions that normally convey the metabolic effects of ghrelin are insensitive to ghrelin during neonatal life and that SL mice may present hormonal resistance. To test this hypothesis, we first examined the mRNA expression of the ghrelin receptor *Ghsr* in the arcuate nucleus of the hypothalamus (ARH)/median eminence (ME) of SL and NL mice. The rationale for focusing on this region, specifically, is because the ARH is a key site for mediating the effects of ghrelin on feeding [@bib33; @bib34; @bib35], and under normal conditions neonatal ghrelin acts on the ARH to influence its development [@bib27]. The ARH/ME of P14 and P60 SLs mice contained levels of *Ghsr* mRNA that were similar to those found in NL mice ([Figure 4](#fig4){ref-type="fig"}A). However, neonatal overnutrition caused a reduction in *Ghsr* mRNA levels at P16 and P22 ([Figure 4](#fig4){ref-type="fig"}A). We next studied the ability of peripheral ghrelin to activate ARH neurons. We used cFos expression as a surrogate marker of neuronal activation [@bib36]. Peripheral ghrelin injection caused a marked increase in the number of cFos-immunoreactive cells in the ARH of control (NL) mice at P14, P16, and P22 ([Figure 4](#fig4){ref-type="fig"}B). In NL pups, cFos induction was found in 35% and 25% of NPY and POMC neurons, respectively, ([Supplementary Figure 2](#appsec2){ref-type="sec"}B--C) and only a few number of cFos-immunoreactive cells was found in the ME ([Supplementary Figure 2A](#appsec2){ref-type="sec"}). The induction of cFos immunoreactivity following peripheral ghrelin administration was significantly attenuated in the ARH of SL pups ([Figure 4](#fig4){ref-type="fig"}B). Nevertheless, neonatal ghrelin administration caused a significant increase in *Ghsr* mRNA levels in the ARH/ME of both NL and SL mice ([Figure 4](#fig4){ref-type="fig"}C). In addition, there were no differences in ghrelin-induced cFos expression between SL and NL mice at P60 ([Figure 4](#fig4){ref-type="fig"}B), indicating that the altered ghrelin response observed in SL mice is restricted to early postnatal life.

Within the mature ARH, ghrelin acts primarily on AgRP/NPY neurons to stimulate food intake [@bib34; @bib35]. Previous studies indicated that in normally fed animals, ghrelin administration stimulates *Agrp* and *Npy* mRNA expression [@bib26; @bib37; @bib38]. Consistent with these data, we found that peripheral administration of ghrelin to NL mice at P14 increased the expression of *Agrp* and *Npy* mRNA ([Figure 4](#fig4){ref-type="fig"}D and E). However, the same ghrelin treatment did not result in changes in *Agrp* and *Npy* mRNA levels in the ARH of P14 SL mice ([Figure 4](#fig4){ref-type="fig"}D and E). Additionally, ghrelin injection at P14 did not change *Pomc* mRNA expression in either NL or SL mice ([Figure 4](#fig4){ref-type="fig"}F).

To determine whether neonatal overfeeding also affected the ability of peripheral ghrelin to modulate other non-ARH neurons, we examined ghrelin-induced cFos immunoreactivity in the DMH, which is another hypothalamic nucleus known to contain high levels of ghrelin receptors [@bib27; @bib39; @bib40]. In contrast to the reduction in *Ghsr* mRNA expression observed in the ARH of SL pups, *Ghsr* mRNA levels appeared to be unaltered in the DMH of SL neonates ([Figure 5](#fig5){ref-type="fig"}A). Additionally, peripheral ghrelin administration did not result in cFos induction in the DMH of either NL or SL neonates ([Figure 5](#fig5){ref-type="fig"}B). Furthermore, consistent with previous report showing that *Ghsr* expression is low in non-ARH nuclei during postnatal development [@bib27], ghrelin administration did not result in a significant induction of cFos expression in the VMH, LHA, and PVH of SL and NL pups at P14 and P16 (data not shown).

3.5. Postnatal overnutrition alters ghrelin access to the brain {#sec3.5}
---------------------------------------------------------------

The mechanisms underlying hormonal resistance remain elusive but likely include defective transport of hormones across the blood--brain barrier to the cerebrospinal fluid [@bib41; @bib42] or to their sites of action within the brain [@bib43]. To test the hypothesis that ARH neurons of SL mice can respond to ghrelin, we evaluated the ability of central ghrelin injection to activate cFos immunoreactivity in the ARH. In sharp contrast to the peripheral administration of ghrelin, intracerebroventricular injection of ghrelin induced similar cFos immunoreactivity in the ARH of both NL and SL pups at P14 ([Figure 6](#fig6){ref-type="fig"}). These observations indicate that the ARH neurons of SL mice retain the ability to respond to ghrelin and suggest that ghrelin transport from the periphery to the brain may be defective in neonatally overnourished mice.

It was recently shown that tanycytes, which are specialized hypothalamic glial cells located in the median eminence (ME), play a critical role in transporting peripheral hormones, such as leptin, from the periphery to the ARH [@bib30]. Notably, by P10 tanycytes appear to be fully developed and display an adult-like morphology [@bib44]. To determine whether tanycytes are also important for ghrelin uptake, we intravenously administered fluorescently labeled bioactive ghrelin [@bib29] to wild-type mice. We observed that fluorescent ghrelin was exclusively present in ME tanycytes 5 min after injection ([Figure 7](#fig7){ref-type="fig"}A). We further explored the role of tanycytes in transporting ghrelin *in vitro* using primary cultures of tanycytes from neonatal rats. The results indicate that after 15 min, cultured tanycytes internalized fluorescent ghrelin through clathrin-coated vesicles ([Figure 7](#fig7){ref-type="fig"}B and C). These *in vivo* and *in vitro* observations support a role for ME tanycytes in transporting ghrelin from the periphery to the brain in the same manner as other hormones such as leptin [@bib30]. To examine whether neonatal overnutrition alters the ability of ghrelin to be transported to the ARH, we performed western blots of the MBH (containing the ARH) from P14 SL and NL mice 45 min after an intraperitoneal ghrelin injection. Significant amounts of exogenous ghrelin were detected in the MBH of NL neonates ([Figure 7](#fig7){ref-type="fig"}D). However, the same ghrelin treatment did not result in the presence of ghrelin in the MBH of SL pups ([Figure 7](#fig7){ref-type="fig"}D), suggesting that neonatal overfeeding alters ghrelin access to the MBH. To investigate if the defective ghrelin transport observed in SL mice can be attributed to structural abnormalities in tanycytes, we compared the overall organization of tanycytes in the ARH/ME of NL and SL mice at P14. The gross morphology and the number of tanycytes appeared to be similar between NL and SL pups ([Supplementary Figure 3](#appsec2){ref-type="sec"}), suggesting that the alteration in ghrelin transport in overnourished pups likely involves non-structural tanycytic perturbations such as intracellular defects.

4. Discussion {#sec4}
=============

A variety of peripheral signals contribute to the regulation of food intake and energy homeostasis in adult life and it has been suggested that metabolic hormones are capable of transmitting signals to the developing organism in response to alterations in the nutritional environment and may underlie potential maladaptive responses to early metabolic perturbations. In the present study, we show that postnatal overnutrition alters the ability of the gut-derived hormone ghrelin to act on the hypothalamus during an important period of growth and development. Neonatal overfeeding silences the ghrelin system by reducing circulating ghrelin levels, attenuating ghrelin uptake from the periphery to the brain, diminishing ghrelin receptor expression and decreasing the ability of peripheral ghrelin to activate arcuate neurons.

Our findings are generally consistent with data suggesting that small litter rearing causes accelerated postnatal weight gain that leads to persistent increased weight and obesity, especially when animals are exposed to an obesogenic diet [@bib10; @bib12]. Our data indicate that neonatal overnutrition has marked effects on circulating ghrelin levels during important periods of growth and development. A similar reduction in ghrelin levels has previously been reported in adult obese individuals [@bib25; @bib26]. One exception to the negative correlation between body weight and circulating ghrelin level occurs in Prader--Willi Syndrome. This disorder, which is primarily characterized by severe hyperphagia and morbid obesity, is associated with markedly elevated ghrelin levels, including during early life [@bib45; @bib46]. During postnatal development, ghrelin is expressed in a variety of tissues, including the stomach and pancreas [@bib47]. The present study suggests that the reduction in ghrelin levels observed in SL mice is, at least in part, due to altered production of ghrelin by the stomach. The observation that the acyl:total ghrelin ratio and *Ghrelin* mRNA levels are lower in SL mice despite higher levels of *Goat* mRNA is intriguing because it suggests that substrate availability may be a more important factor in production of acyl ghrelin in SL mice or that GOAT activity may be markedly reduced in SL mice.

Despite being hypoghrelinemic, SL mice display an attenuated central response to peripheral ghrelin. Exogenous ghrelin administration in SL pups results in an impaired induction of cFos immunoreactivity and does not increase *Npy* mRNA levels, in contrast to the observations in NL mice. However, direct injection of ghrelin into the brain results in similar cFos activation in both SL and NL. Similarly, Davidowa and colleagues reported that direct exposure of ARH neurons to ghrelin results in a similar electrical response in both overnourished and control pups [@bib48]. These data suggest that the ARH neurons of SL animals can respond to ghrelin but that neonatal overnutrition alters the ability of peripheral ghrelin to reach these neurons. Supporting this hypothesis, our western blot analysis shows that peripheral ghrelin injection results in an increased ghrelin content in the ARH of NL mice; SL mice do not exhibit this effect. The cellular mechanisms involved in the attenuated ghrelin transport likely involve alteration in ghrelin uptake by tanycytes. These ependymoglial cells have recently emerged as critical regulators of hormone transport into the brain, including into the ARH [@bib30; @bib49]. In addition, diet-induced obesity in adults alters the ability of these cells to transport hormones, such as leptin, into the brain [@bib30].

The relative contribution of these early alterations in the ghrelin system to the ultimate phenotype of SL pups remains to be investigated. However, based on recent reports indicating that neonatal ghrelin plays a lifelong role in energy balance regulation, it is likely that these perturbations in ghrelin secretion and action may contribute to the metabolic defects observed in postnatally overnourished mice. Recent data indicate that in addition to its regulatory role in mature animals, ghrelin acts during early postnatal life as a signal that can influence hypothalamic development. Neonatal ghrelin blockade results in enhanced densities of ARH projections. In contrast, abnormally elevated levels of ghrelin during postnatal life attenuate the normal development of ARH projections [@bib27]. Remarkably, both neonatal ghrelin blockade and neonatal hyperghrelinemia are associated with the same metabolic phenotype, *i.e.*, elevated body weight and hyperglycemia [@bib27]. In our studies, normalizing the ghrelin levels in SL neonates did not result in marked changes in metabolic outcomes, which is consistent with the idea that the brain of neonatally overfed mice is relatively insensitive to ghrelin. Nevertheless, neonatal ghrelin injections improve glucose levels in SL mice. Because SL mice display central resistance to peripheral ghrelin, the effects of neonatal ghrelin on glucose levels likely involves a peripheral action, such as a direct action in the pancreas. Dembinski and colleagues previously reported that exposure of newborn rats to ghrelin for 7 or 14 days causes a reduction in pancreatic weight, attenuated pancreatic DNA synthesis and reduced DNA content, consistent with the idea that ghrelin might act directly on the pancreas to influence its development [@bib50].

The present study supports the emerging concept that neuroendocrine defects during critical periods of development can lead to lifelong metabolic perturbations. Based on the observation that SL mice display early ghrelin resistance, future work will be required to address methods to improve ghrelin sensitivity in neonatally overfed pups. Interestingly, weight loss induced by caloric restriction has been reported to reverse the central ghrelin resistance observed in adult mice with diet-induced obesity [@bib26; @bib51]. However, for metabolic programming, the timing of the intervention will be important. For example, food restriction can either have beneficial or detrimental long-term metabolic effects, depending on whether nutritional intervention occurs at an earlier or later stage of development. Neonatal caloric restriction in obesity-prone rats is associated with ameliorated hypothalamic development and improved metabolism [@bib52]. If caloric restriction occurs after weaning, however, the opposite phenotype is observed, *i.e.*, obesity-prone rats increase their food intake and become even more obese once as they are allowed to eat *ad libitum* [@bib53].
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![**Small litter rearing accelerates postnatal weight gain and causes long-term metabolic alterations**. (A) Pre- and (B) post-weaning body weight curves in C57BL6 male mice raised in small (SL) and normal (NL) litters and fed a chow diet after weaning (*n* = 15--16 per group). (C) Cumulative food intake of adult NL and SL mice on chow diet (*n* = 8 per group). (D) Respiratory exchange ratio of adult NL and SL mice (*n* = 8 per group). (E) Body composition of adult SL and NL mice (*n* = 9--11 per group). (F) Weight gain, (H) change in total fat mass, and (I) fasting glycemia of adult SL and NL mice fed a high-fat/high-sucrose diet (HFHS) for 8 weeks (*n* = 10--15 per group). Values are shown as the mean ± SEM. \**P* \< 0.05 versus NL.](gr1){#fig1}

![**Neonatal overfeeding attenuates ghrelin levels during postnatal life**. Serum (A) total and (B) acyl ghrelin levels of P8, P12, P14, P16, P22, and P60 (adult) mice raised in normal litters (NL) and small (SL) litters (*n* = 4--10 per group). Relative expression of (C) *Ghrelin* and (D) *Goat* mRNA in the stomach of P14, P16, P22, and P60 (adult) mice raised in SL and NL (*n* = 4--6 per group). Values are shown as the mean ± SEM. \**P* \< 0.05 versus NL.](gr2){#fig2}

![**Neonatal ghrelin injections have moderate effects on the metabolic phenotype of neonatally overfed mice**. (A) Serum acyl ghrelin levels of P16 NL pups injected with saline and SL pups injected with ghrelin (5, 10, and 50 ug/kg i.p.) or saline (*n* = 2--3 per group). (B) Pre- and (C) post-weaning growth curves (body weights) of SL and NL mice neonatally injected with ghrelin (10 ug/kg i.p.) or saline (*n* = 7--26 per group); the black bar represents the injection period. (D) Lean mass, (E) fat mass, and (F) fasting glycemia of adult SL and NL mice neonatally injected with ghrelin (10 ug/kg i.p.) or saline (*n* = 7--11 per group). Values are shown as the mean ± SEM. \**P* \< 0.05 versus NL saline; ^†^*P* \< 0.05 versus NL ghrelin; ^\#^*P* \< 0.05 versus SL saline.](gr3){#fig3}

![**Attenuated central response to peripheral ghrelin in neonatally overfed pups**. (A) Relative expression of *Ghsr* mRNA in the arcuate nucleus/median emimence of P14, P16, P22, and P60 (adult) mice raised in SLs and NLs (*n* = 4--5 per group). (B) Representative images and quantification of cFos-immunoreactive cells in the arcuate nucleus (ARH) 2 h after intraperitoneal (ip) administration of ghrelin (2 mg/kg) or saline alone in P14, P16, P22, and P60 mice raised in SLs and NLs (*n* = 4--7 per group). (C) *Ghsr*, (D) *Npy*, (E) *Agrp*, and (F) *Pomc* mRNA expression in the arcuate nucleus/median eminence of P14 SL and NL pups intraperitoneally injected with ghrelin (2 mg/kg i.p.) or saline alone (*n* = 3--5 per group). Values are shown as the mean ± SEM. (A) \**P* \< 0.05 versus NL. (B) \**P* \< 0.05 versus NL ghrelin; (C--E) \**P* \< 0.05 versus saline (C--E). Scale bar, 200 um.](gr4){#fig4}

![**Peripheral ghrelin does not induce neuronal activation in the dorsomedial hypothalamic nucleus (DMH) during neonatal life**. (A) Relative expression of *Ghsr* mRNA in the dorsomedial nucleus of P14, P16, P22, and P60 (adult) mice raised in SLs and NLs (*n* = 4--5 per group). (B) Representative images and quantification of cFos-immunoreactive cells in the dorsomedial nucleus (DMH) nucleus 2 h after intraperitopenal (ip) administration of ghrelin (2 mg/kg) or saline alone in P14, P16, P22, and P60 mice raised in SLs and NLs (*n* = 4--8 per group). Values are shown as the mean ± SEM. \**P* \< 0.05 versus NL. Scale bar, 400 um.](gr5){#fig5}

![**Normal central response to central ghrelin in neonatally overfed pups**. Representative images and quantification of cFos-immunoreactive cells in the arcuate nucleus (ARH) 90 min after intracerebroventricular (icv) administration of ghrelin (240 ug/ml) or saline alone in P14 mice raised in SLs and NLs (*n* = 3--6 per group). Values are shown as the mean ± SEM. \**P* \< 0.05 versus saline. Scale bar, 200 um.](gr6){#fig6}

![**Altered ghrelin transport in the mediobasal hypothalamus of overfed pups**. (A) Representative images showing tanycytic processes and cell bodies labeled by fluorescent ghrelin (25 nmoles per animal; *green* on left panel, *white* on right panel) 5 min after intravenous injection. Left panel, PECAM-immunoreactive pituitary portal blood vessels are shown in red. Right panel, GFAP-immunoreactive astrocytes are shown in red. (B) Representative images of clathrin immunoreactivity (*green*) in tanycytes treated *in vitro* for 15 min with fluorescent ghrelin (50 nM, *red*). (D) Representative western blots and quantification of ghrelin and clathrin in immunoprecipitated (IPP) clathrin-coated vesicles from tanycytes treated *in vitro* for 15 min with vehicle or ghrelin (1 μg/ml). (D) Representative western blots and quantification of ghrelin in mediobasal hypothalamic explants from P14 normal litter (NL) and small litter (SL) mice 45 min after intraperitoneal administration of ghrelin (2 mg/kg) or saline (*n* = 4 per group). Values are shown as the mean ± SEM. \**P* \< 0.05 versus NL saline; ^\#^*P* \< 0.05 versus NL ghrelin. Scale bar, 10 um.](gr7){#fig7}
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